The disc brake is mounted on the high speed vehicle from a thermal problem point of view. By the influence of the frictional heat generated remarkably by a higher speed, the braking performance of the disc and the pad is reduced in some cases. Therefore, past researches have been conducted mainly with a focus on the friction surface observed by the high-speed thermo-camera. Then, we have established a method of measuring the disc deformation during braking. In this paper, we report on the results of the investigation of the relationship between the deformation and the friction phenomenon executed by dynamo bench tests.
Introduction
Disc brakes are used on high-speed Shinkansen vehicles. Use of disc brakes generates a frictional force as the brake pad presses onto the disc. Stopping trains running at higher speeds using disc brakes generates higher frictional heat, which may reduce the performance of the discs and pads. During power outages due to earthquakes or other reasons, regenerative braking is not available and so trains need to be stopped using disc brakes.
Observation of the grinding surface of the brake discs during braking using a high-speed thermo-camera revealed continuously changing heat generation by the discs. From this observation, it is assumed that during braking the discs and pads grind against each other while they undergo deformation in complex patterns due to thermal impact. With the above in mind, a study was conducted to find ways to improve disc-pad contact performance and obtain more stable frictional force through reshaping of the pads and other means [1] .
Studies have been conducted in the past on the natural vibration modes of the brake discs such as braking noise, while others used the finite element method [2, 3] to investigate disc deformation and evaluate fastening bolt strength. No attempt has thus far been made, however, to measure the dynamic thermal deformation of the brake discs during braking.
Consequently, this paper presents the results of a study conducted to understand the amount of dynamic deformation in brake discs during braking by establishing methods for measuring deformation and through detailed examination of the relationship between degree of deformation, deformation mode and frictional heat.
Methods for measuring dynamic deformation of brake discs

Selection of sensors
Laser displacement sensors
Measuring high-temperature grinding surfaces of fastrotating brake discs for deformation requires contactless, heat-resistant displacement sensors. It is also important to have a high sampling frequency to ensure high resolution of the rotation angle. Laser displacement sensors are the most widely used type of contactless displacement sensors. Compared with other types of contactless displacement sensors, laser displacement sensors have a longer measuring range and thus should be less affected by radiant heat from the high-temperature grinding surfaces of the brake discs.
Typically, red lasers with a wavelength of around 650 nm have been used as the laser light source. More recently, blue lasers with shorter wavelengths (around 400 nm) and smaller spot diameters have become more widespread because of accuracy, so the study presented in this paper used a blue laser (Micro-Epsilon's ILD1700BL-500). The sensor offers a resolution of 30 μm, a measuring range of 200-500 mm and an amplifier with a sampling frequency of 2.5 kHz.
The sensor was installed on the side opposite to the flange side, 250 mm away from the disc's grinding surface (on the outer edge) as shown in Fig. 1 . A center-circumference tightened disc (on which the bench tests had been conducted a number of times) was used in combination with a brake pad for equalizing contact pressure. Figure 2 shows the measured displacements of the disc. Figure 2 (a) shows the amount of displacement during one rotation in slow release, with the P-P value being 1000 μm. This value is significantly different from the P-P value of 160 μm measured on the outer edge of the disc using a dial gauge. Figure 2 (b) shows rapid displacement fluctuations in the negative range (causing a sunken disc) throughout the entire process of emergency braking applied at an initial speed of 300 km/h.
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These results considered together with the measuring principles of the laser displacement sensor suggest the possibility that the pad material transferred from the pad onto the disc formed minute irregularities on the disc's flat grinding surface, scattering the laser beam and reducing the quantity of reflected light, resulting in the sensor's erroneous reading of the distance to the disc's grinding surface. Given this possibility, it is not considered appropriate to use laser displacement sensors to measure deformation of the brake discs.
Capacitive displacement sensors
Another type of contactless displacement sensor, the capacitive displacement sensor, was then examined. The capacitive displacement sensor measures capacitance and calculates the distance between the sensor and the object to be measured; therefore, it is not likely to be affected by foreign matter between surfaces, such as the pad material mentioned above. However, capacitive displacement sensors have a much shorter measuring range than the laser displacement sensors; therefore particular attention must be paid to heat radiating from the high-temperature grinding surface of the brake disc.
With the above in mind, the CS3 of Micro-Epsilon was used for this study, which has an industry-leading operating temperature of 200℃. This sensor offers a resolution of 60 nm, a measuring range of 3 mm, an amplifier with a sampling frequency of 7.8 kHz and a sensor head diameter of 30 mm. The sensor was installed on the side opposite the flange, about 1.5 mm away from the disc's grinding surface (on the outer edge) as shown in Fig. 3 . Figure 4 shows the measured displacements of the disc. Figure 4 (a) shows a P-P value of 125 μm, the displacement during one rotation in slow release, which agrees fairly well with the P-P value of 130 μm in one rotation measured on the outer edge of the disc using a dial gauge. Figure 4 (b) shows displacements that were in a negative range after the application of emergency braking at an initial speed of 300 km/h and shifted into a positive range as the disc decelerated.
This trend resembles the inverse waveforms of the stress variation of the disc fastening bolts and is considered represent well the amount of the disc deformation.
Based on these results, the capacitive displacement sensor was chosen to evaluate the amount of the brake disc's dynamic deformation.
Arrangement of the sensors
To measure deformation of the disc's grinding surface, it is best to have as many sensors as possible in "displacement measurement points" to measure "out-of-plane deformation."
As the brake disc is axisymmetric and rotates about an axis, the amount of deformation of a rotating brake disc measured by the sensors arranged on the same straight radial line can be represented on a polar coordinate system.
The four sensors with a head diameter of 30 mm were installed on the side opposite the flange: three within the 120 mm width of disc's grinding surface, at the inner edge, at the center and at the outer edge of the surface; and one on the rim. The sensor on the rim was designed to detect and remove vibrational components of test bench. More precisely, these sensors were positioned away from the disc's inner edge at 17 mm, 54 mm (at the disc fastening bolt holes), 105 mm and 161.5 mm respectively; and mainly away from the axle center by 257 mm, 294 mm, 345 mm and 401.5 mm, respectively.
Figure 5 (a) shows the initial holder, rather large in size, of the four sensors, which expanded and underwent deformation due to the radiant heat from the disc. As a result, the specified distances between the sensors and the disc could not be maintained, leading to the interference between the components, the damage, the increased vibration and other problems. As a result, a simple, overhungtype sensor support shown in Fig. 5 (b) was used for the measurement to help minimize the thermal impact. reading of the distance to the disc's grinding surface. Given this possibility, it is not considered appropriate to use laser displacement sensors to measure deformation of the brake discs.
Capacitive displacement sensors
With the above in mind, the CS3 of Micro-Epsilon was used for this study, which has an industry-leading operating temperature of 200ºC. This sensor offers a resolution of 60 nm, a measuring range of 3 mm, an amplifier with a sampling frequency of 7.8 kHz and a sensor head diameter of 30 mm. The sensor was installed on the side opposite the flange, about 1.5 mm away from the disc's grinding surface (on the outer edge) as shown in Fig. 3 . Figure 4 shows the measured displacements of the disc. Figure 4 (a) shows a P-P value of 125 μm, the displacement during one rotation in slow release, which agrees fairly well with the P-P value of 130 μm in one rotation measured on the outer edge of the disc using a dial gauge. Figure 4 (b) shows displacements that were in a negative range after the application of emergency braking at an initial speed of 300 km/h and shifted into a positive range as the disc decelerated.
Arrangement of the sensors
To measure deformation of the disc's grinding surface, it is best to have as many sensors as possible in "displacement measurement points" to measure "out-ofplane deformation."
The four sensors with a head diameter of 30 mm were installed on the side opposite the flange: three within the 120 mm width of disc's grinding surface, at the inner edge, at the center and at the outer edge of the surface; and one on the rim. The sensor on the rim was designed to detect and remove vibrational components of test bench. More precisely, these sensors were positioned away from the disc's inner edge at 17 mm, 54 mm (at the disc fastening bolt holes), 105 mm and 161.5 mm respectively; and mainly away from the the specified distances between the sensors and the disc could not be maintained, leading to the interference between the components, the damage, the increased vibration and other problems. As a result, a simple, overhung-type sensor support shown in Fig. 5 (b) was used for the measurement to help minimize the thermal impact. 
Elimination of the impact of disturbance
A test bench, equipped with a fast-rotating flywheel to simulate the test pieces and the assumed vehicle mass, had some points that resonated with the main rotating shaft. This vibration from the rotating system was combined with the frictional vibration from braking and transmitted to the floor and the foundations below the test bench and to other areas. In short, the test bench is a cause of disturbance for the sensors.
To isolate vibration during measurement, the sensors should be fixed at their specified locations using a support 
To isolate vibration during measurement, the sensors should be fixed at their specified locations using a support as mentioned earlier. In this context, the four types of sensor support listed below were evaluated for susceptibility to tester vibration under regenerative braking (at an initial speed of 300 km/h), which generates neither frictional heat nor frictional vibration. The results are shown in Fig. 6 (a) . 1) Fixed on an iron plate 2) Fixed on an air-spring-type vibration isolation board 3) Fixed on an active-control vibration isolation board (passive mode) 4) Fixed on an active-control vibration isolation board (active mode) The air-spring-type vibration isolator used was an AET-0405 of Meiritz Seiki. The active control vibration isolator used was an ME40-0405L of Meiritz Seiki. The latter incorporates a six-degrees-of-freedom active vibration isolation mechanism to achieve a level of vibration damping effect (transmissibility of vibration: -40 dB at 10-100 Hz) that is not possible with air-spring-type isolators.
Both Support 1 and Support 2 above were significantly impacted by resonance from the test bench. On the other hand, the impact of resonance was minimized with both Support 3 and Support 4. Vibration isolation was particularly good with Support 4 using the active-control vibration isolator in active mode. With mechanical braking, however, the vibration isolation mechanism was activated upon detection of fairly intense vibrations and other elements of disturbance, causing a significant drift (the areas indicated with red circles in Fig. 6 (b) ). In a worst case scenario, the sensors and the disc could come into contact with each other and sustain mechanical and/or thermal damage.
Consequently, Support 3 with an active-control vibration isolator in passive mode, which offered the second best vibration isolation, was chosen for measurement. 
Consequently, Support 3 with an active-control vibration isolator in passive mode, which offered the second best vibration isolation, was chosen for measurement. In this context, the four types of sensor support listed below were evaluated for susceptibility to tester vibration under regenerative braking (at an initial speed of 300 km/h), which generates neither frictional heat nor frictional vibration. The results are shown in Fig. 6 (a). 1) Fixed on an iron plate 2) Fixed on an air-spring-type vibration isolation board 3) Fixed on an active-control vibration isolation board (passive mode) 4) Fixed on an active-control vibration isolation board (active mode) The air-spring-type vibration isolator used was an AET-0405 of Meiritz Seiki. The active control vibration isolator used was an ME40-0405L of Meiritz Seiki. The latter incorporates a six-degrees-of-freedom active vibration isolation mechanism to achieve a level of vibration damping effect (transmissibility of vibration: -40 dB at 10-100 Hz) that is not possible with air-spring-type isolators.
Both Support 1 and Support 2 above were significantly impacted by resonance from the test bench. On the other hand, the impact of resonance was minimized with both Support 3 and Support 4. Vibration isolation was particularly good with Support 4 using the active-control vibration isolator in active mode. With mechanical braking, however, the vibration isolation mechanism was activated upon detection of fairly intense vibrations and other elements of 
Consequently, Support 3 with an active-control vibration isolator in passive mode, which offered the second best vibration isolation, was chosen for measurement. Better disturbance, causing a significant drift (the areas indicated with red circles in Fig. 6 (b) ). In a worst case scenario, the sensors and the disc could come into contact with each other and sustain mechanical and/or thermal damage. Consequently, Support 3 with an active-control vibration isolator in passive mode, which offered the second best vibration isolation, was chosen for measurement.
Methods for evaluating the amount of dynamic deformation of the brake discs
Using an inner-circumference tightened disc and a center-circumference tightened disc as test pieces (both having undergone bench tests a number of times), their dynamic deformation modes during braking were studied and those modes were examined relative to thermal deformation modes for any correlation. Figure 7 shows both the test pieces during the test. Figure 8 shows the initial static deformation (over one rotation) of the discs' grinding surfaces prior to the test. The inner-circumference tightened disc shows deformation corresponding to a P-P value of 190 μm over a 180-degree 
Using an inner-circumference tightened disc and a center-circumference tightened disc as test pieces (both having undergone bench tests a number of times), their dynamic deformation modes during braking were studied and those modes were examined relative to thermal deformation modes for any correlation. Figure 7 shows both the test pieces during the test. Figure  8 shows the initial static deformation (over one rotation) of the discs' grinding surfaces prior to the test. The innercircumference tightened disc shows deformation corresponding to a P-P value of 190 μm over a 180-degree range. The center-circumference tightened disc shows deformation corresponding to a P-P value of 110 μm over a 90-degree range. While of the two discs which underwent bench tests a number of times, the highly rigid centercircumference tightened disc showed less initial displacement. 
Dynamic deformation modes
There were three types of disc-pad configuration: an inner-circumference tightened disc and rigid pad; a centercircumference tightened disc and rigid pad; and a centercircumference tightened disc and the pad for equalizing contact pressure. Using these three types of disc-pad configuration, dynamic deformation was measured on the test bench during emergency braking applied at the initial speeds of 120 km/h, 230 km/h and 300 km/h. With the center-circumference tightened disc, however, the fastening bolt holes indicated abnormal displacement values and interpolating those values using displacements at the inner and the outer edges of the disc prevents the inner and outer displacements from being evaluated correctly. For this reason, outlier values at the fastening bolt holes (more precisely, at the rotational angles corresponding to those holes) were screened out. Measurements were made during only two sessions, for fear of thermal damage to the sensors. In addition, a high-speed thermo-camera was used to look at heat generated at the grinding surface for any correlation with deformation. Figure 9 shows displacements measured while braking was applied at an initial speed of 300 km/h. Figure 9 (a) for the inner-circumference tightened disc and rigid pad configuration shows immediate and significant negative outer-edge displacements after braking as well as a significant overall P-P value of around 600 μm. Figure 9 (b) for the center-circumference tightened disc and rigid pad configuration shows large positive center displacements starting at 250 km/h as well as an overall P-P value of around 350 μm, which is about 60% of the corresponding value for the inner-circumference tightened disc. Sensors Sensors Sensor Sensor Sensor Sensor Deformation P-P value 190μm
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There were three types of disc-pad configuration: an inner-circumference tightened disc and rigid pad; a centercircumference tightened disc and rigid pad; and a centercircumference tightened disc and the pad for equalizing contact pressure. Using these three types of disc-pad configuration, dynamic deformation was measured on the test bench during emergency braking applied at the initial speeds of 120 km/h, 230 km/h and 300 km/h. With the center-circumference tightened disc, however, the fastening bolt holes indicated abnormal displacement values and interpolating those values using displacements at the inner and the outer edges of the disc prevents the inner and outer displacements from being evaluated correctly. For this reason, outlier values at the fastening bolt holes (more precisely, at the rotational angles corresponding to those holes) were screened out. Measurements were made during only two sessions, for fear of thermal damage to the sensors. In addition, a high-speed thermo-camera was used to look at heat generated at the grinding surface for any correlation with deformation. Figure 9 shows displacements measured while braking was applied at an initial speed of 300 km/h. Figure 9 (a) for the inner-circumference tightened disc and rigid pad configuration shows immediate and significant negative outer-edge displacements after braking as well as a significant overall P-P value of around 600 μm. Figure 9 (b) for the center-circumference tightened disc and rigid pad configuration shows large positive center displacements starting at 250 km/h as well as an overall P-P value of around 350 μm, which is about 60% of the corresponding value for the inner-circumference tightened disc. Figure 9 (c) for the center-circumference tightened disc and pad for equalizing Sensors Sensors Sensor Sensor Sensor Sensor Deformation P-P value 190μm
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Def. [μm] range. The center-circumference tightened disc shows deformation corresponding to a P-P value of 110 μm over a 90-degree range. While of the two discs which underwent bench tests a number of times, the highly rigid center-circumference tightened disc showed less initial displacement.
Dynamic deformation modes
There were three types of disc-pad configuration: an inner-circumference tightened disc and rigid pad; a centercircumference tightened disc and rigid pad; and a centercircumference tightened disc and the pad for equalizing contact pressure. Using these three types of disc-pad configuration, dynamic deformation was measured on the test bench during emergency braking applied at the initial speeds of 120 km/h, 230 km/h and 300 km/h. With the center-circumference tightened disc, however, the fastening bolt holes indicated abnormal displacement values and interpolating those values using displacements at the inner and the outer edges of the disc prevents the inner and outer displacements from being evaluated correctly. For this reason, outlier values at the fastening bolt holes (more precisely, at the rotational angles corresponding to those holes) were screened out. Measurements were made during only two sessions, for fear of thermal damage to the sensors. In addition, a high-speed thermo-camera was used to look at heat generated at the grinding surface for any correlation with deformation. Figure 9 shows displacements measured while braking was applied at an initial speed of 300 km/h. Figure 9 (a) for the inner-circumference tightened disc and rigid pad configuration shows immediate and significant negative outer-edge displacements after braking as well as a significant overall P-P value of around 600 μm. Figure 9 (b) for the center-circumference tightened disc and rigid pad configuration shows large positive center displacements starting at 250 km/h as well as an overall P-P value of around 350 μm, which is about 60% of the corresponding value for the inner-circumference tightened disc. Figure 9 (c) for the center-circumference tightened disc and pad for equalizing contact pressure configuration, shows center displacements slightly smaller than those for the center-circumference tightened disc and rigid pad configuration, as well as a P-P value of around 300 μm.
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contact pressure configuration, shows center displacements slightly smaller than those for the center-circumference tightened disc and rigid pad configuration, as well as a P-P value of around 300 μm. 
Microscopic observation of deformation
In Fig. 10 , the figures in the left column show microscopic analysis of dynamic deformation of the discs' grinding surfaces (over one rotation) and those in the right column are temperature distributions of the discs' grinding surfaces at the moments the discs were decelerated to 270 km/h and to 120 km/h from an initial speed of 300 km/h, photographed by a high-speed thermo-camera.
In Fig. 10 (a) for the inner-circumference tightened disc, outer-edge displacements are distributed in a corrugated annulus and localized periodical protrusions appear along the center-circumference at 170 km/h and stay there as the disc decelerates further, and the P-P value is around 600 μm. These protrusions correspond in location to the areas of the disc without radiation fins on the opposite face and are easily produced due to the areas having limited thermal capacities. The deformation is spread over 180-degree, as shown in Fig.  8 . It is presumed that the disc is deformed at certain circumferential intervals while still retaining the impact of static deformation.
In Fig. 10 (b) for the center-circumference tightened disc, entire disc circumference. It is assumed that the disc is deformed at even circumferential intervals. In Fig. 10 (c) for the center-circumference tightened disc and pad for equalizing contact pressure configuration, the localized periodical protrusions in the circumferential direction appear moderate compared with those of the centercircumference tightened disc and rigid pad configuration. It is therefore presumed that the pad's contact pressure equalizing design can also adapt to microscopic disc deformation to a certain extent, lessening contact pressure against the protruding surfaces and limiting the concentration of heat input.
With thermo-camera images of heat generation on the discs' grinding surfaces, Fig. 10 (a) for the innercircumference tightened disc shows heat spots along the inner and outer moving edges while growing in size to the center-circumference as the discs decelerate. Figure 10 (b) shows distorted heat spots as is the case with the innercircumference tightened disc. Those spots correspond in location to the areas of the discs without fins on the opposite face. The above microscopic observation indicates that, with a rigid pad configuration, microscopic deformations roughly correspond in location to heat spots.
Figure 10 (c) shows heat generation spread evenly over the entire disc surface thanks to the improved contact performance of the pad's contact pressure equalizing design, with a maximum temperature about 200ºC lower than that with the rigid pad configuration. There were small heat spots both within and outside the areas without fins on the opposite face, which means that, with the pad for equalizing contact pressure, deformations do not necessarily correspond in location to heat spots.
Based on the above, with the rigid pad configuration, it is presumed that disc deformation is conducive to the formation of localized spots of increased surface contact pressure that microscopic deformations correspond in location to heat spots to a certain extent. The areas of deformation and heat spots reinforce each other, probably expand deformation. On the other hand, with the pad for equalizing contact pressure which is resistant to the impact of disc deformation, the correlation between deformation and heat generation is not as strong as with the rigid pad configuration, which probably curbs microscopic disc deformation and heat generation.
Frequency analysis of the microscopic deformation
In addition to microscopic deformation in areas without fins on the opposite face, the disc's grinding surface had minute "surges" or "roughness" with different wavelengths. To carry out a frequency analysis of the change in "surges" over time, tracking analysis of a fixed rotation range (deformation mode analysis) was conducted using a deformation reference of 10 -3 μm. The results are shown in Fig. 11 . It is necessary to secure continuous sampling time for the analysis. Therefore, the center-circumference including the fastening bolt holes that generates abnormal values was excluded. The orders in the figure are frequencies 
Microscopic observation of deformation
In Fig. 10 (a) for the inner-circumference tightened disc, outer-edge displacements are distributed in a corrugated annulus and localized periodical protrusions appear along the center-circumference at 170 km/h and stay there as the disc decelerates further, and the P-P value is around 600 μm. These protrusions correspond in location to the areas of the disc without radiation fins on the opposite face and are easily produced due to the areas having limited thermal capacities. The deformation is spread over 180-degree, as shown in Fig. 8 . It is presumed that the disc is deformed at certain circumferential intervals while still retaining the impact of static deformation.
In Fig. 10 (b) for the center-circumference tightened disc, localized periodical protrusions appear at 170 km/h along the center-circumference (areas without fins on the opposite face) and stay there as the disc decelerates further and the P-P value is around 350 μm, which is about 40% smaller than the approximate 600 μm of the inner-circumference tightened disc. The protrusions were distributed across the entire disc circumference. It is assumed that the disc is deformed at even circumferential intervals.
In Fig. 10 (c) for the center-circumference tightened disc and pad for equalizing contact pressure configuration, the localized periodical protrusions in the circumferential direction appear moderate compared with those of the center-circumference tightened disc and rigid pad configuration. It is therefore presumed that the pad's contact pressure equalizing design can also adapt to microscopic disc deformation to a certain extent, lessening contact pressure against the protruding surfaces and limiting the concentration of heat input.
With thermo-camera images of heat generation on the discs' grinding surfaces, Fig. 10 (a) for the inner-circumference tightened disc shows heat spots along the inner and outer moving edges while growing in size to the centercircumference as the discs decelerate. Figure 10 (b) shows distorted heat spots as is the case with the inner-circumference tightened disc. Those spots correspond in location to the areas of the discs without fins on the opposite face. The above microscopic observation indicates that, with a rigid pad configuration, microscopic deformations roughly correspond in location to heat spots.
Figure 10 (c) shows heat generation spread evenly over the entire disc surface thanks to the improved contact performance of the pad's contact pressure equalizing design, with a maximum temperature about 200℃ lower than that with the rigid pad configuration. There were small heat spots both within and outside the areas without fins on the opposite face, which means that, with the pad for equalizing contact pressure, deformations do not necessarily correspond in location to heat spots.
Frequency analysis of the microscopic deformation
In addition to microscopic deformation in areas without fins on the opposite face, the disc's grinding surface had minute "surges" or "roughness" with different wavelengths. To carry out a frequency analysis of the change in "surges" over time, tracking analysis of a fixed rotation range (deformation mode analysis) was conducted using a deformation reference of 10 -3 μm. The results are shown in Fig. 11 . It is necessary to secure continuous sampling time for the analysis. Therefore, the center-circumference In Fig. 11 (a) for a combination of the innercircumference tightened disc and rigid pad, the 1st order and the 2nd order components stand out in the inner and the outer edges and the 1st order, the 2nd order, and the 12th order components are significant in the center circumference, with the maximum displacement being 101 dB in the 1st order components in the center-circumference and the outer edge. In Fig. 11 (b) for a combination of the center-circumference tightened disc and the pad for equalizing contact pressure, displacements were smaller in both the inner and the outer edges, with a maximum displacement of 93 dB in the 2nd order components in the outer edge.
To sum up, for both types of disc, the 1st or 2nd order and 12th order were significant in that order. In addition, based on the distribution of significant displacements across the orders, the displacements for the inner-circumference tightened disc configuration were greater, by 7-8 dB in the 1st and the 2nd orders, than those for the centercircumference tightened disc configuration. Furthermore, the combination of the center-circumference tightened disc and the pad for equalizing contact pressure had the smallest displacements and other quantitative advantages.
Heat transfer analysis of the brake discs
The grinding surface of a brake disc was subjected to even input of heat from braking to analyze resultant heat .10（a）
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Fig.10（a） In Fig. 11 (a) for a combination of the innercircumference tightened disc and rigid pad, the 1st order and the 2nd order components stand out in the inner and the outer edges and the 1st order, the 2nd order, and the 12th order components are significant in the center circumference, with the maximum displacement being 101 dB in the 1st order components in the center-circumference and the outer edge. In Fig. 11 (b) for a combination of the center-circumference tightened disc and the pad for equalizing contact pressure, displacements were smaller in both the inner and the outer edges, with a maximum displacement of 93 dB in the 2nd order components in the outer edge.
The grinding surface of a brake disc was subjected to even input of heat from braking to analyze resultant heat transfer and grasp thermal deformation modes. Used in the experiment was a center-circumference tightened disc in the shape of a 15-degree fan, which was retained by the axial force of the fastening bolts. The positions for the analysis were the same as the sensor locations. (Fig. 12 (a) )
Emergency braking was applied at an initial speed of 300 270km/h 120km/h P-P 600μm 120km/h P-P 350μm 120km/h P-P 300μm including the fastening bolt holes that generates abnormal values was excluded. The orders in the figure are frequencies converted from the number of rotations. The 1st order refers to the components of one rotation. The 2nd order refers to the components of a 1/2 rotation. The 12th order refers to the components of a 1/12 rotation. The 12th order represents the areas of the disc without fins. In Fig. 11 (a) for a combination of the inner-circumference tightened disc and rigid pad, the 1st order and the 2nd order components stand out in the inner and the outer edges and the 1st order, the 2nd order, and the 12th order components are significant in the center circumference, with the maximum displacement being 101 dB in the 1st order components in the center-circumference and the outer edge. In Fig. 11 (b) for a combination of the centercircumference tightened disc and the pad for equalizing contact pressure, displacements were smaller in both the inner and the outer edges, with a maximum displacement of 93 dB in the 2nd order components in the outer edge.
To sum up, for both types of disc, the 1st or 2nd order and 12th order were significant in that order. In addition, based on the distribution of significant displacements across the orders, the displacements for the inner-circumference tightened disc configuration were greater, by 7-8 dB in the 1st and the 2nd orders, than those for the centercircumference tightened disc configuration. Furthermore, the combination of the center-circumference tightened disc and the pad for equalizing contact pressure had the smallest displacements and other quantitative advantages. 
Emergency braking was applied at an initial speed of 300 km/h to subject the disc's grinding surface to even heat flux while factoring in absorbed energy and braking time (to simulate a pad of equalizing contact pressure). The results are shown in Fig. 12 (b) . The analyzed displacements roughly agreed with the measurements (Fig. 9 (c) ), except for the inner edge, although different in magnitude.
km/h to subject the disc's grinding surface to even heat flux while factoring in absorbed energy and braking time (to simulate a pad of equalizing contact pressure). The results are shown in Fig. 12 (b) . The analyzed displacements roughly agreed with the measurements (Fig. 9 (c) ), except for the inner edge, although different in magnitude. 
Conclusion
This paper presented a study in which methods were established for measuring and evaluating the dynamic deformation of brake discs and through those methods it was found that the deformation modes were heavily influenced by the thermal factors and that the combination of the centercircumference tightened disc and the pad for equalizing contact pressure was highly effective in curbing deformation and heat generation.
